1. The reproducibility of measurements of the arterial wall thickness in both the carotid and femo ral artery was investigated by means of high-resolution B-inode ultrasonography. For this purpose, subjects with normal and increased intima-media thickness were selected. Images were stored on an optical disk and were analysed with a semi-auto matic software program by two readers. Individuals were scanned twice by two independent observers. 2. Measurements were performed of the far and near wall of the common carotid artery and bulbous in 30 healthy subjects and 19 patients known to have an increased intima-media thickness, Far-wall measurements were made of the internal carotid artery on both sides and common femoral artery on the right side only. 3. In healthy subjects the mean within-observer coefficient of variation was 1.8% and 3.0% for the far wall in the common carotid artery on the right side and left side, respectively. For the near wall the mean coefficient of variation of the common carotid artery was 2.8% on the right and 3.4% on the left side. The mean coefficient of variation was less than 4% for both far and near wall in the bulbous and far wall in the internal carotid artery. Even in patients with increased intima-media thickness the mean coefficient of variation of each segement was less than 4.5%. In the control subjects the betweenobserver coefficient of variation of the common carotid artery was 2.8% and 5.1% for the far wall on the right and left side, respectively, and 3.4% and 4.2% for the near wall on the right and left side. In healthy subjects a mean difference of 0.002 mm within observers was found in the right far-wall common carotid artery, with limits of agreement of -0.048 to 0.052 mm. The coefficient of repeatability was 0.Ö50 mm. For patients with increased intimamedia thickness the mean difference in this segment was -0 .0 0 6 mm ( -0.094 to 0.082) with a coefficient of repeatability of 0.088 mm. For the near wall in the common carotid artery and far and near wall in the bulbous and internal carotid artery the mean differences were larger, but were all below 0.1 mm. The differences and limits of agreements increased between observers. In patients the between-observer mean difference of the far wall of the common caro tid artery was -0.055 mm ( -0.255 to 0.145). For the common femoral artery of normal control sub jects the within-and between-observer mean differ ences were 0.005 mm ( -0.119 to 0.129) and 0.015 mm ( -0.081 to 0.111), respectively. 4. In conclusion, the reproducibility of intimamedia thickness measurements in the common carotid artery is reliable, even in patients with increased artery wall thickness. Also in other seg ments prone to atherosclerosis, such as the bulbous, internal carotid artery and common femora! artery, a good reproducibility was found. To obtain good reproducibility it is highly recommended to use the same ultrasonographer to scan patients in follow-up studies.
INTRODUCTION
Since the identification of lumen-intima and media-adventitia echoes [1] , high-resolution B-mode ultrasonography has been used for non-invasive quantitative measurements of intima-media thick ness (IMT) which is associated with the presence of atherosclerotic disease elsewhere [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The assess ment of IMT is an important tool in intervention trials [12] [13] [14] [15] [16] [17] . Ultrasonogrpahy has several advant ages over contrast anteriography: it can repetitively be applied to asymptomatic subjects, it is relatively cheap and safe and it measures both wall thickness and lumen diameter.
The quality of ultrasonographic assessment of atherosclerotic disease is highly dependent on the instrumentation and the observer. Since ultrasono graphic scanning cannot be automated, the observer is an important source of measurement variability. Most studies involving reproducibility and variability report on far-wall measurements of the common carotid artery only (CCA) and are mostly performed in healthy subjects with normal IM T [2, 18, 19] , Although the femoral artery is a preferred site for atherosclerosis, only few studies report on femoral artery IMT [20] [21] [22] , while reproducibility figures are lacking.
The purpose of the present study was to invesigate the within-and between-observer variability and reproducibility of measurements of the mean IMT at different sites: the far and near wall of the CCA, bulbous (BUL) and far wail of the internal carotid artery (ICA) on both sides and far wall measurements of the right common femoral artery (CFA) in subjects with normal and increased IMT.
METHODS
This cross-sectional study was performed in 30 healthy subjects (50% male), without cardiovascular risk factors except for smoking (n = 5) with an IMT < 1,1 mm, and in 18 male smokers known to have intima-media thickening of > 1.1 mm in at least one segment. The latter were selected from a study of various risk factors and vessel wall changes. All sub-rwvR. were investigated twice with an interval between 5 and 90 days. The first time observer I conducted the scanning, the second visit scannings were made by two observers, blind for each other. In four control subjects scannings were performed by observer 1 on live consecutive days. The study was approved by the Ethics Committee of our hospital. Informed consent was obtained from each indivi dual.
Ultrasound scanning protocol
The ultrasound examinations were performed using a Biosound Phase 2 real-time scanner equipped with a 10 MHz transducer. Two black and white monitors displayetl the B-mode ultrasound images with spectrum analysis of the Doppler sig nals. Images were grabbed by a computer, stored on a hard disk and analysed with a semi-automatic soft ware program (Eurequa; TSA company, Meudon, France) [18] ,
The scannings were performed with the subject in a comfortable supine position, the head rotated approximately 45 degrees away from the side being scanned. The scanning sites involved were; the far and near wall of the distal 1.0 cm of the straight part of the CCA, the far and near wall of the carotid bifurcation, beginning at the tip of the flow divider and extending 0 .8~U )cm proximal, and the far wall of the proximal I.Ocm of the ICA. Measurements were performed on the right and left side. Three angles of interrogation were used: anterolateral, lateral and posterolateral. In each individual the most optimal scanning position (i.e. the head posi tion and scanning angle which images the clearest and thickest projection of interfaces) was noted on a worksheet. The sonographer had the responsibility of differentiating the ICA from external carotid artery. This was accomplished by using several criteria, Often the ICA is the furthest from the skin surface when the V-shape of the flow divider is seen. O ther criteria are the larger luminal diameter of the ICA and the dilatation in the ICA on the lateral or posterolateral view. Apart from these characteristics Doppler analysis was used to avoid misinterpreta tion.
Finally, scanning of the far wall of the right CFA was performed 1 cm proximal to the descent of the deep femoral artery. A fixed angle of insonation, anteroposterior, was used. The scan converter enabled freezing of the images during scanning. Cal lipers were placed on the anatomic references and on the edges of the far and near wall. Subsequently, the digitized frozen images with the clearest and thickest projection were stored on disk. The work sheet with data on head position and scanning angle was used for the second scanning and passed on to the second observer.
Ultrasound analysis and report
The images stored on disk were read by two inde pendent readers. Each segment was analysed sepa rately. The reader selected the best measurable portion of the image. Three measurements were made in a preselected segment with a length of 0.5 cm. The measurements were performed auto matically from significant changes in density on a section perpendicular to the vessel wall from the lumen towards subadventitial structures. The pro cedure was repeated over 0,5 cm adjacent to the lirst portion and the mean thickness over 1 cm was calculated. When it was not possible to measure the IMT over the whole length of the selected segments, for example in the bifurcation or when a plaque was present, a smaller sample size was taken with a minimum of 0,2 cm, In neither case did the readers have access to the IMT data of previous examina tions, Measurements of the 12 individual segments were noted. Missing data were scored.
Statistical analysis
Coefficients of variation (CV) were calculated as the proportion of the SD of the mean, For CVs describing the between-observer variability, SD was computed over the first measurement of observer I and the m easurem ent of observer 2. The CV was estimated for each individual segment and of com binations of far and near wall per segment on the right and left side and of the total mean combined score of the 10 measurements in the carotid artery (far and near wall of the CCA and BUL and far wall of the ICA on left and right side). In addition, mean differences between the first and second scanning of observer 1 and the first scanning of observer 1 and observer 2 were determined. By using the method of limits of agreement as described by Bland and Alt man [23] , data are plotted in Figures 1 and 2 , show ing differences against the mean for each subject. In addition, the coefficient of repeatability (RC) was calculated for all segments as the SD of the esti mated difference between two measurements, assuming the mean difference to be zero, The 95% confidence interval of the expected difference is cal- culated cis 1.% RC (definition adopted by the British Standards Institution) [23] , meaning that repeated measurements are expected to differ by more than the confidence interval with a probability of only 5%. In the four subjects measured on five consecutive days we calculated the SD of the serial measurements for that subject against their mean and then calculated the CV. Be tween-read er repro ducibility was also expressed as CV and mean différ ence.
RESULTS
The mean age (SD) of the 30 control subjects was 45 (12) years. Fifteen subjects were male; two of them smoked while three were past smokers. Mean total serum cholesterol was 5.6 (1,3) mmol/k All participants with known thickened intima-media were male smokers. Their mean age was 55 (H) years and their mean total serum cholesterol con centration was 6.2 (1.5) mmol/1. In Table 1 the results are listed of the measurements of the IMT of the far wall of the right CCA, the BUL and CFA in the 30 healthy control subjects. In Table 2 the CV within and between observers in healthy control sub jects and patients with increased IMT is given. Although the CV remained low, the number of missing data increased moving distally from CCA to ICA (Table 3 ). Both observers visualized the near and far wall of the CCA in all sessions. Of the far and near walls in the bulb obtained in the first ses sion, only 3% could not be found the second time by the same observer. This increased to 18% when compared with observer 2, meaning that 6% of the far and 12% of the near walls obtained by observer 1 could not be visualized by observer 2 and vice versa. Table 4 gives the absolute differences in mm (SD) within and between observers, as measured in the different segments of the carotid artery and the CFA. In the control subjects the within-ohserver RC ranged from 0.050 mm for the far wall of the right CCA to 0.070 nun for the far wall in the right CCA ( Table 5 ). The reproducibility of the combined 
Obs 1 Obs 2 Table 2 ). The C V of the total carotid artery, com bining all m easurements, was also low (betweenobserver CV, 3.2 and 4.8% for healthy subjects and patients respectively, see Table 2 ). The CV of the m easurem ent of the far wall of the CFA was < 5 % although the between-observer reproducibility was clearly less (CV 4.4) than the within-ohserver repro ducibility (CV 2,2) in subjects with increased IMT. Fig. I shows the limits of agreement of the IMT of the CCA measured by observe]* I in all subjects. In this Figure the differences between the first and second session are plotted against their mean. Fig, 2 shows the difference between measurements made Table 4 , Absolute differences in m m (SD) w ith in and bctw een-obscrvcrs, as measured In th e d iffe re n t segments of the carotid a rte ry and the far w a ll of th e CFA in subjects w ith and w ith o u t intim a-m edia thickcning by observer 1 and 2 plotted against their mean. Table 5 shows the difference between measurements with their limits of agreement. For those control subjects measured on five consecutive days the CV did not change over time; it ranged from 2,1% in the CCA to 4 .2 % in the BUL. All observations were read by two different read ers. The inter-reader variability was less than 2 % in all segments, with a mean difference of lower than 0.015 mm. Variability did not differ between images of normal control subjects and patients with increased IMT.
DISCUSSION
With the ultrasound protocol used in this study it was possible to visualize and measure IM T in dif ferent segments of the carotid artery, including in patients with known increased IMT, The anatomical location of a biological structure is always defined by a leading edge of an echo, and the thickness of a structure as the distance between the leading edges of two different echoes. It has therefore been argued that, in spite of the similarities of near-and far-wall images, IM T can only be measured accu rately in the far-wall position, beeausc only the farwall IMT is defined by leading edges [24, 25] . Because of the echogenicity of the adventitia in the near wall, the reflections from the intima-media may be blurred. However, by scanning in such a way that the jugular vein is placed adjacent to the carotid artery and with the development of new software it was possible to measure near walls reliably, which may provide additional information. In this study vve measured both far and near wall with the aid of a semi-automatic analysing program in a standardized way. Using the clearest and thickest projection of the IMT leads to bias towards thicker values. This scanning procedure was performed in order to see whether measurements of increased IMT are repro ducible, The mean differences between and within sonographers were small, although from the limils of agreement we concluded that, particularly in patients with increased IMT, the between-observer variation is larger in an individual patient. I low far apart measurements may be without causing difficult ies is a matter of judgement and should be defined in advance. The limits of agreement are only estim ates of the values which apply to the whole popul ation and one should realize that a different sample would give different limits.
The reproducibility of the combined IMT of the far and near wall of the CCA was better than individual measurements, This is probably due to averaging more measurements. The CV was some what larger on the left than on the right side. This might be due to the different anatomical situation or by I ho right-handiness of the observers, which has also been mentioned by others [I1 )]. The CV and menu differences did not change between consecu tive days, indicating that the scanning method is reli able and repeatable.
The between-reader variation was small. In this protocol the sonographer determined the best image, which was stored cm disk. Consequently, the readers' influence was less prominent since he was confronted with a preselected image. The storage of images on optical disks instead of taping them on viilen has the advantage of full resolution preserva tion. Measurement error of IMT tended to increase with increasing levels of IMT, as reported earlier llJ|. This study shows that also in segments other than the CCA. IMT can be measured with great reliability, even in patients with known increased IMT. This is important, since intervention trials will m ost often he performed in patients in which an increased IM T is anticipated. Moving from the CCA to the ICA, the amount of missing data increased mostly because the site of the bifurcation was W 1 locat'd! high up in the neck. Other studies encoun tered the same problem [5] , It is important to realize that reliable, repeatable measurements in the B IJL and ICA are not possible in all patients. In cal culating numbers of patients required for clinical trials with IMT one should correct for expected missing data. Another important finding in this study was that the same segments could be visualized twice by the same observer in almost all cases. Since the wiihin-observer variability is smaller than the between-observer variability and two obser vers are not always able to visualize the same seg ments, it is highly recommended that patients should be scanned during follow-up by the same observer.
In several studies the reproducibility of the IMT has only been determined in the CCA in healthy subjects [2, IK, 11 >j. 'The CV in the study of Salonen et al. |2| was approximately 5% and the mean differ ence in IM T between observers was 0,087 mm. In the multi-centre Cardiovascular Health Study the between-sonographers difference was 0.20 [7] . In both studies the differences between observers was based on two and one measurements, respectively, in contrast to six measurement sites in our study. Lurthermore, more observers were taken into account, while in our study two experienced obser vers performed all measurements. The use of an optical disk instead of video tapes makes the read ers* influence less and this may decrease the varia bility. 'The latter may explain the better results in our study compared with those of Riley et al. [26] . They report on the reproducibility ol combined carotid artery wall thickness. The mean absolute dif ference within and between observers was 0.06 and 0.12 mm, compared with 0.04 and 0.07 mm in our study in patients with increased IMT. Another explanation for this difference may be the fact that the former authors included the near wall of the ICA. The reproducibility data of the Rotterdam study are very similar to our data: a mean difference of 0.013 mm on the right and 0.05 on the left side between sonographers at different visits in the CCA t 19!-The variability of measurements is determined by the sonographer, reader, instrumentation and by dif ferences between subjects. Especially in patients with increased IMT of plaques, measurements become more imprecise, because of tortuous arter ies, eccentric plaque and irregularities. Since these factors cannot be influenced, it is important to reduce the effect of other factors determining variability. This means regular check-ups of the instru mentation, a repeated training programme of the sonographers and readers with quality control assessment and a follow-up schedule that allows scanning by the same sonographer.
High-resolution B-mode ultrasonographic mea surement of carotid arterial IMT is a suitable pseudo end-point in clinical trials [13-17, 27, 28] , although the relation between IMT reduction and clinical events as coronary heart disease and stroke need to be established. The non-invasive imaging of the arterial wall can be performed repeatedly in symptomatic and asymptomatic patients, carried negligible risk and quantifies early atherosclerosis and atherosclerotic changes due to risk factor modi fication.
Atherosclerotic changes in the carotid artery are not equally distributed. Increased IMT occurs more often in the carotid BUL than in the CCA. As shown by this study measurements at other sites than the CCA can be done with good reproducibility even in patients with thickened IMT.
In conclusion, measurements of the IMT in dif ferent segments of the carotid artery and of the fem oral artery were highly reproducible. Although the measurement error tended to increase with increased mean IMT, the reproducibility remained good. The reproducibility at the site of the BUL and ICA were good whenever obtained, although it was not always possible to visualize these segments. With the possibility of direct storing images on optical disk, the resolution is preserved. The betweenreader variability is very low when using a (semi) automatic reading system. In follow-up studies it is highly recommended that the same ultrasonogram pher be used to scan patients.
